Background {#Sec1}
==========

As an important part of human diet, fruits are reservoirs of nutrients and phytochemicals with a wide range of health benefits \[[@CR1]\]. *Hylocereus spp.* (pitaya) is a new fruit crop with exotic aesthetic characteristics and is getting very popular among consumers \[[@CR2]\]. It belongs to the Cactaceae family and Caryophyllales order \[[@CR3]\]. The species originates in Central America \[[@CR4]\] but with the increasing demand, the growing areas have now expanded throughout tropical and subtropical regions, particularly in countries, such as Malaysia, Vietnam, Thailand and China \[[@CR5]\].

The major determinant in the expansion of pitaya cultivation is its high adaptation to dry environments and poor soils \[[@CR3]\]. In addition, examination of the nutritional quality of pitaya fruit revealed that it is rich in various nutrients such as vitamin C, sugars, organic acids, phytalbumin, amino acids and minerals \[[@CR6]--[@CR8]\]. Besides, the high betalain, polyphenol and flavonoid content in pitaya fruit \[[@CR9]\] have been shown to protect against some oxidative stress-related disorders \[[@CR10], [@CR11]\], lower cholesterol concentration, treat anemia among pregnant women, prevent colon cancer, inhibit anxiety and strengthen kidney function \[[@CR8], [@CR12]--[@CR14]\].

Betalains have been extensively characterized in pitayas \[[@CR15]--[@CR19]\]. Betalains are only found in some species of Caryophyllales and include betacyanin (red-purple) and betaxanthins (yellow) \[[@CR20]\]. The occurrence of betalains and anthocyanins (the dominant plant natural pigment) is thought to be mutually exclusive as both pigments have never been detected in the same plant species or tissues \[[@CR21]--[@CR24]\]. Several mechanisms have been invoked to explain this uncommon phenomenon in betalain-producing plants such as transcriptional down-regulation of anthocyanin genes \[[@CR25]--[@CR27]\], non-functional anthocyanin biosynthetic genes \[[@CR28]\], loss of MYB-bHLH-WD40 transcriptional complex essential for the anthocyanin regulatory pathway \[[@CR29]\] and fundamental imbalance between tyrosine pathway (leading to betalain biosynthesis) and phenylalanine-derived pathway (leading to anthocyanin biosynthesis) \[[@CR30]\]. It is documented that pitaya fruit peel or flesh pigmentation is due to the presence of high level of betacyanins and this was shown through metabolome and transcriptome investigations \[[@CR17], [@CR31]--[@CR33]\]. Curiously, several studies also detected the presence of anthocyanins in pitayas, although the specific anthocyanin compounds have not been characterized \[[@CR34]--[@CR37]\]. This suggests that both betalains and anthocyanins may be present in *Hylocereus spp.*, therefore, anthocyanins may also partly contribute to the fruit pigmentation. Unfortunately, no study has explored the changes in expression levels of genes participating and regulating the anthocyanin biosynthetic pathway in pitaya during fruit development or between fruits with contrasting colors.

Color of fruits is a major quality criteria governing consumer's preference and determining market value \[[@CR38]\]. There is a large diversity of fruit colors in *Hylocereus spp.* but the red-colored cultivars (*Hylocereus polyrhizus*) are the most preferred by consumers. Unfortunately, detailed metabolic profiling to unravel important bioactive components in *Hylocereus polyrhizus* is very limited \[[@CR17], [@CR19], [@CR39]\]. Similarly, the metabolic potentials of other colored cultivars such as *Hylocereus undatus* have been neglected. In this study, we employed the widely targeted metabolomics approach to comprehensively detect and compare hundreds of metabolites between three *Hylocereus spp.* cultivars with contrasting fruit flesh colors. By integrating transcriptome data, we further examined the possible contribution of anthocyanin metabolites and related biosynthetic genes to color formation in pitaya fruit.

Results {#Sec2}
=======

Metabolome profiling in three *Hylocereus spp*. cultivars {#Sec3}
---------------------------------------------------------

In the present work, three *Hylocereus spp.* cultivars with different phenotypes (Table [1](#Tab1){ref-type="table"}) were used for widely targeted metabolomics based on six biological replicates. The cultivars Da Hong (DH), Fen Rou (FR), and Bai Rou (BR) were selected mainly because they display different fruit flesh colors (Fig. [1](#Fig1){ref-type="fig"}a). In total, 443 metabolites belonging to various classes of metabolites were successfully detected in the samples. Metabolites belonging to the classes of amino acid, lipid, carbohydrate, cofactors and vitamins were the most enriched in *Hylocereus spp.* fruits (Fig. [1](#Fig1){ref-type="fig"}b). Metabolite peak identification, filtration, alignment were performed using the XCMS package of R (v3.3.2). The peak area (intensity) of each metabolite was presented in Table S[1](#MOESM6){ref-type="media"}. To assess the quality of the metabolic profiling data, we performed a principal component analysis (PCA) of all replicates together with the quality control (QC) samples. All QC samples clustered together in the PCA with very little variability, indicating that the data is reliable. Furthermore, the three cultivars could be clearly distinguished by the first two PCs showing that large differences exist in their fruit metabolome. Table 1Characteristics of the three *Hylocereus spp.* cultivars used in this studySpecies nameFruit nameOriginFruit size/ weight (g)Peel/flesh colorFertilization modeSoluble solid content (°Brix)Cultivation in mainland China*Hylocereus polyrhizus*Da Hong (DH)TaiwanLarge/850Red/ RedSelf-fertilization12.8MajorHybrid (*Hylocereus polyrhizus x Hylocereus undatus*)Fen Rou (FR)Mainland ChinaMedium/325Pink/PinkSelf-incompatible12.5Minor*Hylocereus undatus*Bai Rou (BR)VietnamLarge/700Pink/WhiteSelf-fertilization11.8MinorFig. 1Overview of the metabolome profiles in three *Hylocereus spp.* cultivars. **a** The phenotypes of DH, FR and BR showing various fruit flesh coloration and fruit size; fruit was harvested at 30 days after pollination **b** Classification of the metabolites detected into major functional classes; **c** Principal component analysis showing clustering pattern among samples and biological replicates based on metabolite ion intensity data. DH, FR, and BR represent the red, pink and white colored flesh samples, respectively. Mix represents the mixed samples used for quality control. Bar = 1 cm

Variations in fruit metabolome among the three cultivars {#Sec4}
--------------------------------------------------------

In order to explore the fruit nutritional quality of the three cultivars, we compared their concentrations in major classes of metabolites. Globally, the red samples (DH) contained less amino acid and lipid metabolites than the pink and white samples (Fig. [2](#Fig2){ref-type="fig"}). In contrast, DH samples were more endowed with carbohydrates, energy, nucleotides and cofactors and vitamins related metabolites as compared to FR and BR samples; FR displayed a strong content of phenolic metabolites. These results suggest a high variation in the nutritional properties of these three cultivars. Fig. 2Comparison of the total ion intensity of various classes of metabolites between three *Hylocereus spp.* fruits. DH, FR, and BR represent the red, pink and white colored flesh samples, respectively. Data represent average values from six biological replicates. The error bar represents the SD of six biological replicates. Different letters above bars mean significant difference at *P* \< 0.05

Analysis of metabolites related to the flavonoid-anthocyanin pathway {#Sec5}
--------------------------------------------------------------------

The major phenotypic difference between the three cultivars is the flesh coloration. Anthocyanins are the main pigments in plants \[[@CR15]\]. To understand the contribution of anthocyanins to pitaya flesh coloration, we investigated changes in the concentrations of metabolites related to the flavonoid-anthocyanin pathway between the three cultivars. We identified five anthocyanins compounds, including Cyanidin 3-glucoside, Cyanidin 3-rutinoside, Delphinidin 3-rutinoside, Delphinidin 3-O-(6-O-malonyl)-beta-glucoside-3-O-beta-glucoside and Delphinidin 3-O-beta-D-glucoside 5-O-(6-coumaroyl-beta-D-glucoside). In addition, two upstream metabolites were identified: Naringenin and Quercetin. As shown in Fig. [3](#Fig3){ref-type="fig"}, except Delphinidin 3-rutinoside which was more enriched in the white flesh cultivar (BR), the other four anthocyanins were more concentrated in the red sample (DH) and pink sample (FR) with a more pronounced accumulation in DH. Concerning the two upstream metabolites, we observed that they were more accumulated in BR as compared to FR and DH. We further determined the quantities of three selected anthocyanins namely, Cyanidin 3-glucoside, Cyanidin 3-rutinoside and Delphinidin 3-rutinoside using the electrospray ionization/high-performance liquid chromatography/tandem mass spectrometry (ESI-HPLC-MS/MS) method. As presented in Figure S[1](#MOESM1){ref-type="media"}, the patterns of accumulation of these anthocyanins based on the ESI-HPLC-MS/MS analysis perfectly matched the report of the widely targeted metabolomics (Fig. [3](#Fig3){ref-type="fig"}). Fig. 3Comparison of the total ion intensity of metabolites related to the flavonoid-anthocyanin pathway between three *Hylocereus spp.* fruits. DH, FR, and BR represent the red, pink and white colored flesh samples, respectively. Data represent average values from six biological replicates. The error bar represents the SD of six biological replicates. Different letters above bars mean significant difference at *P* \< 0.05

Transcriptome sequencing and assembly {#Sec6}
-------------------------------------

In order to get insight into the expression patterns of anthocyanin biosynthetic genes between the different pitaya cultivars, we profiled gene expression in the flesh samples (three biological replicates). A total of 85.70 Gb raw data was generated. After removing low quality reads, 99% of the raw data was kept as clean data for downstream analyses (Table [2](#Tab2){ref-type="table"}). Overall the quality of the sequencing was high as evidenced by the high Q30 score (\> 91%) and the quasi- absence of unknown nucleotides (N). Using the Trinity tool, we assembled a total of 49,212,589 bp sequence containing 53,850 unigenes with N50 length of 1647 bp (Table [3](#Tab3){ref-type="table"}; Figure S[2](#MOESM2){ref-type="media"}). Transcriptome assembly validation was done using Benchmarking Universal Single-Copy Orthologs (BUSCO) v.3 \[[@CR40]\]. 70% of complete BUSCOs were present in the de novo transcriptome, indicating a good quality assembly (Figure S[3](#MOESM3){ref-type="media"}). Functional annotation of 25,830 unigenes was obtained using KEGG, SwissProt, COG and Nr databases with 12,153 unigenes commonly annotated in all these databases (Fig. [4](#Fig4){ref-type="fig"}a). Blast search of the transcripts against published genome sequences revealed that *Hylocereus spp.* shared a significant number of genes with *Beta vulgaris* (Figure S[4](#MOESM4){ref-type="media"}). Gene expression was estimated based on the Reads Per kb per Million reads (RPKM) method. Overall, DH and FR exhibited similar gene expression profiles in contrast to BR (Fig. [4](#Fig4){ref-type="fig"}b). Based on the gene expression profiles, we performed a PCA of the nine samples to assess the quality of the biological replicates and clustering patterns of samples from the three cultivars. Figure [4](#Fig4){ref-type="fig"}c shows that most biological replicates are closely related and a clear separation of the three cultivars could be observed, indicating that large discrepancies in the transcriptional activity exist within these three cultivars. Pairs of cultivars were compared in order to detect differentially expressed genes (DEGs). The lowest number of DEGs was obtained between the red (DH) and pink (FR) samples while the highest numbers of DEGs were detected between colored samples (DH and FR) and the white flesh cultivar (BR) (Fig. [4](#Fig4){ref-type="fig"}d). In particular, we observed that BR tends to repress the expression levels of hundreds of genes as compared to DH and FR, a mechanism which may be associated with the differential flesh coloration. Table 2Overview of the transcriptome sequencing dataset and quality checkSamplesRaw data (bp)Clean data (bp)Q30 (%)N (%)GC (%)DH-17,313,628,9007,275,654,04991.93%0.00%51.18%DH-28,471,004,9008,434,243,34991.53%0.00%51.14%DH-37,895,180,7007,860,911,48191.77%0.00%51.29%FR-18,714,710,8008,673,510,51691.81%0.00%51.60%FR-211,753,924,70011,695,962,33893.75%0.00%51.88%FR-311,898,625,50011,848,132,87092.70%0.00%51.92%BR-112,352,945,50012,285,577,98292.55%0.00%49.29%BR-28,355,256,8008,300,684,26793.37%0.00%50.11%BR-38,942,012,1008,797,612,59092.68%0.00%50.88%Table 3Statistics of the unigene assembly resultsGenes NumberGC percentageN50 numberN50 length (bp)Max length (bp)Min length (bp)Average length (bp)Total assembled bases (bp)53,85043.2799089164714,51520191349,212,589Fig. 4Overview of the transcriptome sequencing in *Hylocereus spp.* fruit flesh. **a** Venn diagram depicting the shared and specific number of unigenes functionally annotated in various databases; **b** Gene expression profiles in the nine libraries. **c** Principal component analysis showing clustering pattern among samples and biological replicates based on global expression profiles; **d** Number of up- and down-regulated genes between pair of samples. DH, FR, and BR represent the red, pink and white colored flesh samples, respectively

Analysis of genes involved in the flavonoid-anthocyanin pathway {#Sec7}
---------------------------------------------------------------

Various structural genes are known to catalyze the biosynthesis of anthocyanins in plants. In total, 33 genes involved in the flavonoid-anthocyanin pathway were annotated in the *Hylocereus spp.* transcriptomes. Of these, 12 genes were differentially expressed between the three cultivars. The flavonoid-anthocyanin pathway was then reconstructed based on these DEGs (Fig. [5](#Fig5){ref-type="fig"}). Results showed that structural genes involved in both early and late committed steps of anthocyanin biosynthesis were differentially modulated. All the genes directly involved in the anthocyanin biosynthesis such as trans-cinnamate 4-monooxygenase (C4H: *Unigene0008383*), chalcone synthase (CHS: *Unigene0044847*), naringenin 3-dioxygenase (F3H; *Unigene0006663*), flavonoid 3′-monooxygenase (F3'H: *Unigene0044457*), flavonoid 3′,5′-hydroxylase (F3′5′H: *Unigene0020548*), dihydroflavonol 4-reductase (DFR: *Unigene0053420*), anthocyanidin synthase (ANS; *Unigene0029010*), were higher expressed in the red (DH) and pink (FR) samples as compared to the white samples (BR). Distinctly, C4H, DFR, F3′5′H and ANS were not expressed in BR, a mechanism which may limit the biosynthesis of anthocyanins. The anthocyanin biosynthesis pathway is competed by other related pathways such as shikimic and quinic acids pathway, flavonol biosynthesis, quercetin biosynthesis and proantocyanidin biosynthesis \[[@CR41]\]. Here, we identified several DEGs (shikimate O-hydroxycinnamoyltransferase (HCT: *Unigene0021892*), flavonol synthase (FLS: *Unigene0031287*; *Unigene0051509*), leucoanthocyanidin reductase (LAR: *Unigene0037637*) and anthocyanidin reductase (ANR: *Unigene0044348*), catalyzing these competing pathways and these genes were higher expressed in FR and BR samples than DH samples. Fig. 5Flavonoid--anthocyanin biosynthetic genes in *Hylocereus spp*. The genes that were differentially expressed and no-regulated between samples were highlighted in blue and black colors, respectively. Cinnamic acid 4-hydroxylase (C4H), chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), flavonoid 3′-monooxygenase (F3′H), flavonoid 3′,5′-hydroxylase (F3′5′H), dihydroflavonol 4-reductase (DFR), anthocyanidin synthase (ANS), leucoanthocyanidin reductase (LAR), shikimate O-hydroxycinnamoyltransferase (HCT), anthocyanidin reductase (ANR), UDP-flavonoid glucosyl transferase (UGT). The histograms display the gene expression in the different samples. Data represent average values from three biological replicates. The error bar represents the SD of three biological replicates. DH, FR, and BR represent the red, pink and white colored flesh samples, respectively

Transcription factors differentially expressed between the three cultivars {#Sec8}
--------------------------------------------------------------------------

Transcription factors (TF) are special genes that modulate the expression levels of other genes and represent the main players for the determination of spatiotemporal transcriptional activity \[[@CR42]\]. Among the 12,153 annotated unigenes, 921 genes encoded for TFs, the majority being members of bHLH, bZIP, C2H2, ERF, MYB and WRKY families (Figure S[5](#MOESM5){ref-type="media"}). All DEGs (223 genes) encoding TFs were retrieved and the results revealed that bHLH, MYB and ERF were the more active TFs which may differentially regulate structural genes participating in the color formation of *Hylocereus spp.* fruit flesh (Table S[2](#MOESM7){ref-type="media"}). Remarkably, most of these TFs were found down-regulated in white and pink cultivars (BR and FR) when compared to the red cultivar (DH), suggesting that a high transcriptional activity is required to form the red color.

qRT-PCR validation of selected genes {#Sec9}
------------------------------------

Nine DEGs including six DEGs involved in the flavonoid-anthocyanin pathway (Fig. [6](#Fig6){ref-type="fig"}) and three TF encoding genes (*Unigene0001134* (MYB), *Unigene0007067* (MYB), *Unigene0053482* (bHLH)) were selected and their transcript levels were estimated by qRT-PCR. All the tested genes were significantly and differentially expressed between the cultivars and the trends of expression fold change matched well the RNA-seq report (Fig. [6](#Fig6){ref-type="fig"}). This result showed that the RNA-seq report presented in this study and subsequent interpretations are reliable. Fig. 6Quantitative real time PCR validation of nine candidate genes predicted to differentially affect the anthocyanin profiles in fruit flesh of three *Hylocereus spp*. DH, FR, and BR represent the red, pink and white colored flesh samples, respectively. Data represent average values from three biological replicates. The error bar represents the SD of three biological replicates. The *Actin* gene was used as the internal reference gene for normalization. Different letters above bars mean significant difference at *P* \< 0.05

Discussion {#Sec10}
==========

The goal of this study was to characterize the fruit metabolome of three *Hylocereus spp.* and explore the role of anthocyanins in color formation. Fruits at 30 days after flowering were harvested and used in this study because color change mainly occurs at this stage \[[@CR19]\]. Although previous studies investigated the metabolome of *Hylocereus spp.* fruits, they did not provide deep insights into the diversity of primary and secondary bioactive components available in this exotic species \[[@CR17], [@CR19], [@CR34]\]. By using the widely targeted metabolomics approach, we identified and quantified extensive metabolites in *Hylocereus spp.* and our results suggest high concentrations of amino acid, lipid, carbohydrate, polyphenols, vitamin, and other bioactive molecules. Interestingly, the concentrations of the major classes of metabolites detected in *Hylocereus spp.* fruits were higher than some commonly consumed fruits such as Goji \[[@CR43]\] and jujube \[[@CR44]\], making it an excellent nutritious fruit. Red *Hylocereus polyrhizus* is particularly appreciated by consumers and the cultivar Da Hong used in this study is widely grown and highly consumed in China. However, our results showed that it has low levels of several amino acids and lipids. The diversity in the nutritional components observed among the three cultivars is interesting as it could be harnessed in breeding programmes aiming at developing cultivars with enhanced nutritional quality \[[@CR33], [@CR45]\]. Recently, metabolite-based genome wide association study (mGWAS) has emerged as an efficient approach to pinpoint functional genes associated with variation of metabolite concentrations in plants \[[@CR46]\]. Therefore, as perspective of our study, we will design a comprehensive mGWAS involving a large and diverse panel of *Hylocereus spp.* cultivars to decipher the genetic basis of the fruit nutritional quality \[[@CR47]\].

Color of fruits is a major determinant of consumer's preference and market value \[[@CR38]\]. Anthocyanins are the main secondary metabolites responsible for a variety of colors observed in plant organs such as fruits and flowers \[[@CR48]\]. However, in some Caryophyllales plant species, it has been suggested that betalains are the main pigments, replacing anthocyanins \[[@CR49]\]. Since the two pigments have not been detected in the same plant or tissue, the hypothesis of their mutual exclusion has been postulated \[[@CR21]--[@CR24]\]. However, no clear evidences have been provided to date to explain this curious phenomenon in the plant kingdom. Previous studies stated that the coloration of *Hylocereus spp.* fruit peel and pulp is ascribed to the presence of betalains, particularly betacyanins \[[@CR17], [@CR31]--[@CR33]\]. Meanwhile, other studies have reported the presence of anthocyanins in *Hylocereus spp.* \[[@CR34]--[@CR37]\]. This suggests the presence of both pigments in *Hylocereus spp.*, which refutes the paradigm of mutual exclusion of anthocyanins and betalains within the same species/tissue. In this study, we identified five different anthocyanins in fruit peel samples of three different *Hylocereus spp.* cultivars (Fig. [3](#Fig3){ref-type="fig"}), proving that except the well characterized betalains, *Hylocereus spp.* fruit also contains anthocyanins. Therefore, in-depth biochemical and functional genomics studies will be required to explore and elucidate the mechanism of anthocyanin and betalain double production in *Hylocereus spp.* fruit. The accumulation levels of these anthocyanins in particular, Cyanidin 3-glucoside, Cyanidin 3-rutinoside, Delphinidin 3-O-(6-O-malonyl)-beta-glucoside-3-O-beta-glucoside and Delphinidin 3-O-beta-D-glucoside 5-O-(6-coumaroyl-beta-D-glucoside) positively correlated with the red flesh coloration, implying that these compounds partly contribute to the red color. To evidence this assertion, we further sequenced and de novo assembled transcriptomes in the three cultivars. In a recent transcriptome assembly from *Hylocereus polyrhizus* stem, Xu et al. \[[@CR50]\] strangely reported *Vitis vinifera* as the species sharing the greatest number of transcripts, although both species are relatively distant. *Beta vulgaris* shared the highest transcriptome similarity with our assembled transcriptome, a result which is consistent by the fact that both species belong to the order Caryophyllales. Notably, all genes encoding enzymes participating in the early and late flavonoid-anthocyanin biosynthesis pathway were identified in *Hylocereus spp.* transcriptomes, suggesting the presence of a functional pathway.

Variation of anthocyanin content in plant tissues is ascribed to the differential expression levels of key genes participating in the biosynthetic pathway \[[@CR51]\]. Comparison of cultivars with contrasting fruit flesh colors allowed us to identify differentially expressed anthocyanin biosynthetic genes that may affect the color formation as previously documented in turnip \[[@CR52]\], *Prunus mira* \[[@CR53]\] and *Lagerstromemia indica* \[[@CR54]\]. Interestingly, 12 key genes were highlighted in this study, seven of which directly involved in the anthocyanin biosynthetic pathway, were found significantly higher expressed in the colored cultivars (red and pink) as compared to the white cultivar. Conversely, we observed that the other five genes participating in the anthocyanin biosynthetic competing pathways (shikimic and quinic acids pathway, flavonol biosynthesis, quercetin biosynthesis and proantocyanidin biosynthesis pathways) were all repressed in the red cultivar but significantly increased in the pink and white cultivars. Globally, it was clear that the white cultivar tends to repress the anthocyanin biosynthetic pathway and divert substrates to other competing pathways. The high content of naringenin, which is the key upstream substrate for anthocyanin pathway \[[@CR55]\]; the high level of quercetin, which biosynthesis competes with leucoanthocyanindin biosynthesis \[[@CR56]\] and the low level of anthocyanins fully support our conclusion. In contrast, the red cultivar prioritizes the anthocyanin biosynthetic pathway over the competing pathways, with high level of anthocyanin and low levels of naringenin and quercetin production (Fig. [3](#Fig3){ref-type="fig"}). Finally, the pink material seems to keep a balance between the anthocyanin biosynthetic pathway and the competing pathways. These mechanisms involving competition between anthocyanin biosynthesis and other pathways were also reported in plant species such as turnip \[[@CR52]\], *Mimulus lewisii* \[[@CR57]\], Petunia \[[@CR58], [@CR59]\] and Lisianthus \[[@CR60]\].

The molecular regulation of anthocyanin biosynthetic genes has been extensively studied in plants as an effective approach for engineering materials with tailored coloration \[[@CR61], [@CR62]\]. Transcription factors (TF) are particular genes that modulate the expression level of other genes \[[@CR42]\]. It has been reported that MYB and bHLH are the main TFs which control the expression levels of anthocyanin biosynthetic genes \[[@CR63]--[@CR65]\]. In our study, we also observed several MYB and bHLH genes differentially expressed between the three cultivars, most of them were up-regulated in the red cultivar. This indicates their positive control of anthocyanin biosynthetic genes. Predicting the specific target genes of these MYB and bHLH TFs would facilitate the selection of candidate genes to target for controlling flesh color in *Hylocereus spp*. As proposed by Qiao et al. \[[@CR54]\], the construction of gene co-expressed networks connecting the candidate regulators and their targets could be an effective approach.

Conclusions {#Sec11}
===========

Metabolic profiling in three *Hylocereus spp.* cultivars with contrasting flesh colors revealed a large set of metabolites and a significant variation in fruit nutritional quality. We detected several anthocyanin molecules with varying levels in the three cultivars and integrative analysis with transcriptome indicates their probable contribution to flesh coloration. This involves a competition between anthocyanin biosynthesis and other pathways. Overall, this study provides an important theoretical basis for further in-depth dissection of the importance of anthocyanins versus betalains for color formation in *Hylocereus spp.* The findings from this study will benefit molecular breeders in their efforts to improve fruit appeal and quality in *Hylocereus spp*.

Methods {#Sec12}
=======

Plant materials {#Sec13}
---------------

Three *Hylocereus spp.*, including *Hylocereus polyrhizus* cv. Da Hong (DH), *Hylocereus undatus cv.* Bai Rou (BR) and a hybrid *Hylocereus polyrhizus x Hylocereus undatus* cv*.* Fen Rou (FR) with various flesh colors were used in this study and materials were provided by the Institute of Fruit Tree Research, Guangdong Academy of Agricultural Sciences, Guangzhou, China. The formal identification of the plant materials was undertaken by the corresponding author of this article (Professor Xinxin Zhang). No voucher specimen of this material has been deposited in a publicly available herbarium. All cultivars were grown at the farm of the Institute of Fruit Tree Research, Guangdong Academy of Agricultural Sciences, Guangzhou, China. Fruits were harvested 30 days after flowering on September 5th 2019. Flesh samples were cut from six fruits (biological replicates) of each cultivar and immediately frozen in liquid nitrogen for later use.

Metabolic profiling {#Sec14}
-------------------

Extract preparation, metabolite extraction, identification and quantification were performed following standard procedures of Suzhou *BioNovoGene* Metabolomics Platform, Suzhou, China*.*

Metabolite extraction {#Sec15}
---------------------

In total, 18 samples (six biological replicates) were used for metabolite extraction. Approximately 200 mg of each sample was accurately weighed and inserted in 2 mL EP tube. Then, 0.6 mL 2-chlorophenylalanine (4 ppm) methanol (− 20 °C) was added and vortexed for 30 s; 100 mg glass beads were added and the samples were put into a TissueLysis II tissue grinding machine. Samples were grind at 25 Hz for 60 s. The tubes were placed in an ultrasound bath at room temperature for 15 min; Then, centrifuged at 25 °C for 10 min at 1750 g, and the supernatant was filtered through 0.22 μm membrane to obtain the prepared samples for liquid chromatography-mass spectrometry (LC-MS); 20 μL from each sample was mixed and used as quality control (QC) samples (These QC samples were used to monitor deviations of the analytical results from these pool mixtures and compare them to the errors caused by the analytical instrument itself). The remaining extracts were used for LC-MS detection.

Chromatographic conditions {#Sec16}
--------------------------

Chromatographic separation was performed in a Thermo Ultimate 3000 system equipped with an ACQUITY UPLC® HSS T3 (150 × 2.1 mm, 1.8 μm, Waters) column maintained at 40 °C. The temperature of the autosampler was 8 °C. Gradient elution of analytes was carried out with 0.1% formic acid in water (D) and 0.1% formic acid in acetonitrile (C) or 5 mM ammonium formate in water (B) and acetonitrile (A) at a flow rate of 0.25 mL/min. Injection of 2 μL of each sample was done after equilibration. An increasing linear gradient of solvent A (v/v) was used as follows: 0 \~ 1 min, 2% A/C; 1 \~ 9 min, 2% \~ 50% A/C; 9 \~ 12 min, 50% \~ 98% A/C; 12 \~ 13.5 min, 98% A/C; 13.5 \~ 14 min, 98% \~ 2% A/C; 14 \~ 20 min, 2% C-positive model (14 \~ 17 min, 2% A-negative model).

Metabolite data analysis {#Sec17}
------------------------

Sample data processing was performed as described by Smith et al. \[[@CR66]\]. The original data was converted into the mzXML format (xcms input file format) through the Proteowizard software (v3.0.8789). Based on metabolites information in public metabolomic databases and the self-built MetWare database (<http://www.metware.cn/>), the metabolites were qualitatively analyzed with the secondary spectrum information. Peak identification, filtration, alignment were performed using the XCMS package of R (v3.3.2) as described by Liu et al. \[[@CR67]\]. Principal component analysis (PCA) was performed with R package (<http://www.r-project.org/>).

Determination of selected anthocyanins using ESI-HPLC-MS/MS {#Sec18}
-----------------------------------------------------------

Standards of three anthocyanins including, Cyanidin 3-glucoside (CAS Number: 7084-24-4), Cyanidin 3-rutinoside (CAS Number: 18719--76-1) and Delphinidin 3-rutinoside (CAS Number 15674--58-5) were purchased from Merck (Germany). Sample preparation, metabolite extraction and quantification were performed as described above using the electrospray ionization/high-performance liquid chromatography/tandem mass spectrometry (ESI-HPLC-MS/MS) method on the 1260 Infinity II HPLC (Agilent Systems, USA).

Transcriptome sequencing and analysis {#Sec19}
-------------------------------------

### RNA extraction, library construction and sequencing {#Sec20}

Trizol reagent kit (Invitrogen, Carlsbad, CA, USA) was used for RNA extraction. RNA quality check, enrichment and library construction were performed following strandard procedures of Gene Denovo Biotechnology Co. (Guangzhou, China) and previously described by Zhuang et al. \[[@CR52]\]. The sequencing was conducted on Illumina HiSeqTM 4000 platform.

### Filtering of raw reads and de novo assembly {#Sec21}

Raw reads were filtered by fastp \[[@CR68]\] (version 0.18.0) and the obtained clean reads were de novo assembled using Trinity \[[@CR69]\] software. Benchmarking Universal Single-Copy Orthologs (BUSCO) v.3 \[[@CR40]\] was used for transcriptome assembly validation.

Next, the transcripts were realigned to construct unigenes and annotated in different databases, including Nr, Swiss-Prot, KEGG and COG/KOG. Protein coding sequences of unigenes submitted to Plant TFdb (<http://planttfdb.cbi.pku.edu.cn/>) to predict transcription factors. The unigene expression was calculated and normalized to Reads Per kb per Million reads \[[@CR70]\].

### Differential expression {#Sec22}

Differential expression analysis was performed by edgeR Bioconductor package \[[@CR71]\] between two samples based on false discovery rate (FDR) \< 0.05 and absolute fold change ≥2.

### Gene expression using quantitative real time-PCR (qRT-PCR) {#Sec23}

The qRT-PCR was performed on RNA extracted from flesh samples (in triplicate) of the three cultivars and specific primer pairs (Table S[3](#MOESM8){ref-type="media"}) following descriptions of Dossa et al. \[[@CR72]\]. We used the *Actin* gene as the endogenous control for gene expression normalization. The gene relative expression level was estimated based on the 2^−∆∆Ct^ method \[[@CR73]\].

Statistical analysis {#Sec24}
--------------------

Analysis of variance followed by the mean comparison test of Tukey HSD was performed to compare the three cultivars. Data analysis was performed using R version 3.6.2.

Supplementary information
=========================

 {#Sec25}

###### 

**Additional file 1: Figure S1.** Determination of the quantities of selected anthocyanins in three *Hylocereus spp.* cultivars using the ESI-HPLC-MS/MS method. DH, FR, and BR represent the red, pink and white colored flesh samples, respectively. Data represent average values from three biological replicates. The error bar represents the SD of three biological replicates. Different letters above bars mean significant difference at *P* \< 0.05.
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**Additional file 2: Figure S2.** Length distribution of the unigenes.
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**Additional file 3: Figure S3.** Evaluation of the transcriptome completeness as determined by Benchmarking Universal Single-Copy Orthologous (BUSCO).
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**Additional file 4: Figure S4.** NR database homologous species distribution analysis.
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**Additional file 5: Figure S5.** Number of genes encoding transcription factors.

###### 

**Additional file 6: Table S1.** Ion intensity of the 444 metabolites detected in the three *Hylocereus spp.* cultivars. Data represent average values from six biological replicates. DH, FR, and BR represent the red, pink and white colored flesh samples, respectively.
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**Additional file 7: Table S2.** Differentially expressed genes encoding transcription factors detected between three *Hylocereus spp.* cultivars. DH, FR, and BR represent the red, pink and white colored flesh samples, respectively.

###### 

**Additional file 8: Table S3.** The primer sequences of genes used for quantitative real time PCR.

DH

:   Da Hong, pitaya variety

FR

:   Fen Rou, pitaya variety

BR

:   Bai Rou, pitaya variety

PCA

:   Principal component analysis

QC

:   Quality control

ESI-HPLC-MS/MS

:   Electrospray ionization/high-performance liquid chromatography/tandem mass spectrometry

RPKM

:   Reads Per kb per Million reads

DEG

:   Differentially expressed genes

qRT-PCR

:   Real-Time Quantitative Reverse Transcription PCR
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